Background and Purpose-The E3 ubiquitin ligase MDM2 (murine double minute 2) is the main negative regulator of the p53 protein-a key player in neuronal apoptosis after ischemia. A functional single-nucleotide polymorphism in the human MDM2 gene promoter (rs2279744) regulates MDM2 protein expression. We investigated whether the MDM2 SNP309, by controlling p53-mediated apoptosis, determines functional outcome after stroke. Methods-Primary cortical neurons were subjected to oxygen and glucose deprivation. Mice were subjected to ischemic (transient middle cerebral artery occlusion) or hemorrhagic (collagenase injection) stroke models. Protein and mRNA levels of MDM2 and p53 were measured in both neuronal and brain extracts. The interaction of MDM2 with p53 was disrupted by neuronal treatment with nutlin-3a. siRNA was used to knockdown MDM2 expression. We analyzed the link between the MDM2 SNP309 and functional outcome, measured by the modified Rankin Scale scores, in 2 independent hospital-based stroke cohorts: ischemic stroke cohort (408 patients) and intracerebral hemorrhage cohort (128 patients). Results-Experimental stroke and oxygen and glucose deprivation induced the expression of MDM2 in the brain and neurons, respectively. Moreover, oxygen and glucose deprivation promoted MDM2 binding with p53 in neurons. Disruption of the MDM2-p53 interaction with nutlin-3a, or MDM2 knockdown by siRNA, triggered p53 accumulation, which increased neuronal susceptibility to oxygen and glucose deprivation-induced apoptosis. Finally, we showed that patients harboring the G allele in the MDM2 promoter had higher MDM2 protein levels and showed better functional outcome after stroke than those harboring the T/T genotype. The T/T genotype was also associated with large infarct volume in ischemic stroke and increased lesion volume in patients with intracerebral hemorrhage. Conclusions-Our results reveal a novel role for the MDM2-p53 interaction in neuronal apoptosis after ischemia and show that the MDM2 SNP309 determines the functional outcome of patients after stroke. Visual Overview-An online visual overview is available for this article.
S troke is the leading neurological cause of morbidity and mortality in developed countries. 1 Stroke is either because of cerebral ischemia or hemorrhage, which activates a cascade of complex biochemical events leading to cellular integrity loss and cell death. 2, 3 Although the precise molecular mechanisms involved in stroke are not yet fully understood, the tumor suppressor protein p53 plays a key role in neuronal death after cerebral ischemia and intracerebral hemorrhage (ICH). [4] [5] [6] The p53 protein rapidly accumulates in the damaged brain and activates the program of necrotic and apoptotic pathways of neuronal death, through both transcriptional dependent and independent mechanisms. [4] [5] [6] [7] [8] The E3 ubiquitin ligase MDM2 (murine double minute 2) is the main cellular negative regulator of p53 stabilization and activity. The interaction of the N-terminal domain of MDM2 with the transactivating domain of p53 blocks its transcriptional activity. 9 The E3 activity of MDM2 is dependent on its C-terminal RING finger domain, which polyubiquitinates p53 and targets the protein for proteasome-mediated degradation; however, MDM2 activity also monoubiquitinates p53 promoting its nuclear export. 10, 11 There is a p53-MDM2 negative feedback loop in which p53 transcriptionally upregulates MDM2, which in turn leads to increased proteasome degradation of p53. 10 Previously, we described that the Arg72Pro singlenucleotide polymorphism of the p53 gene, which modulates the apoptotic activity of p53, 5, 12 controls neuronal susceptibility to ischemia-induced apoptosis and dictates functional outcome of patients with stroke. 5, 6 It is thus conceivable that variations in key regulators of the p53 pathway, such as MDM2, might affect p53 activity and neuronal susceptibility to ischemia. A functional single-nucleotide polymorphism in the MDM2 intronic promoter (rs2279744; SNP309T>G or SNP309) regulates MDM2 protein expression 13 and modulates early development of solid tumors and cancer drug resistance. 13, 14 However, the impact of MDM2 in stroke is largely unknown. Here, we described that experimental ischemia both in vitro, induced by oxygen and glucose deprivation (OGD), 15 and in vivo rapidly upregulates MDM2 expression, which controls p53 levels in neurons. Moreover, we demonstrate that the MDM2-p53 interaction modulates neuronal susceptibility to ischemia-induced apoptosis. Finally, we show that the MDM2 SNP309 regulates MDM2 level expression, which determines the functional outcome of patients after stroke. Thus, we reveal a novel function of the MDM2 SNP309 in neuronal damage and neurological outcome after stroke.
Materials and Methods
The authors declare that all supporting data are available within the article (and the online-only Data Supplement).
Expanded methods are provided in the online-only Data Supplement.
Animals
Animals were maintained in specific-pathogen free facilities at the University of Salamanca, in accordance with Spanish legislation (RD53/2013) under license from the European Union (2010/63/EU). Protocols were approved by the Bioethics Committee of the Institute of Biomedical Research of Salamanca. All efforts were made to minimize the numbers of animals used and ensure minimal suffering.
Primary Neuronal Cultures, Transfections, and OGD
Neuronal cultures prepared from C57BL/6J and p53-null mouse embryo (E14.5) cortices 16 were subjected to OGD followed by reoxygenation. 15 Neurons were transfected with siRNA against MDM2. Incubations were performed in the presence of 10 µmol/L MG132 (Sigma) or 1 µmol/L nutlin-3a (Sigma). Sequences and procedures are detailed in the online-only Data Supplement.
Transient Middle Cerebral Artery Occlusion and Collagenase Injection in Mice
Mice were subjected to experimental stroke through either transient middle cerebral artery occlusion, by using an intraluminal filament, 17 or collagenase injection, 6 as described in the online-only Data Supplement. MDM2 and p53 protein expression were assessed 24 hours after experimental stroke.
Western Blot Analysis, Coimmunoprecipitation Assay, and Immunocytochemistry
Immunoblot analyses, 5 coimmunoprecipitation assay, and immunocytochemistry 18 were performed as previously done and detailed in the online-only Data Supplement.
Patients and Clinical Variables
An observational prospective study was performed on 2 independent cohorts of consecutive patients with either a first ischemic stroke (IS; the IS cohort; 408 patients) or nontraumatic ICH (the ICH cohort; 128 patients) at <12 hours after symptom onset. Inclusion criteria are detailed in the online-only Data Supplement. Baseline demographic and clinical features of patients are shown in Table I in the onlineonly Data Supplement. Patients were treated according to the guidelines of the Cerebrovascular Disease Study Group of the Spanish Society of Neurology. 19, 20 Functional outcome was evaluated at 3 and 12 months with the modified Rankin Scale (mRS) by internationally certified neurologists. 21 mRS score >2 was considered poor functional outcome. 5
Human Polymorphism Analysis
Genotyping of human MDM2 polymorphism was performed by authors blinded to the clinical status of patients, as detailed in the online-only Data Supplement. When indicated, 2 groups were considered: T group, T/T genotype; G group, T/G+G/G genotypes.
Statistical Analysis
The results are expressed as percentages for categorical variables and as either the mean±SD or median (25th and 75th percentiles) for the continuous variables, depending on normal distribution determined by the Kolmogorov-Smirnov test. The Student t test (normal data) or the Mann-Whitney U test (non-normal data) was used to compare continuous variables between 2 groups. Proportions were compared using the χ 2 test. Spearman analysis was used for bivariate correlations. The influence of the single-nucleotide polymorphism on functional outcome was assessed by logistic regression analysis. The results are expressed as adjusted odds ratio (AOR) with the corresponding 95% CI. Experimental results are expressed as mean±SEM. A 1-way ANOVA with a least significant difference post hoc test was used to compare values between multiple groups, and a 2-tailed, unpaired Student t test was used for 2-group comparisons. P<0.05 was considered significant.
Results

MDM2-p53 Interaction Regulates Neuronal Susceptibility to OGD
MDM2 mRNA and protein levels rapidly increased after OGD, remaining high at 24 hours of reoxygenation. Although p53 mRNA expression remained unchanged, p53 protein levels increased at 4 hours after OGD ( Figure 1A ; Figure I in the onlineonly Data Supplement), indicating an effect on the protein expression rather than on transcription, as described previously. 5, 22 This effect was mimicked in vivo. Mouse models of IS (transient middle cerebral artery occlusion) and ICH (collagenase injection) rapidly (24 hours) enhanced MDM2 and p53 protein expression in the damaged ipsilateral hemisphere, as compared with the contralateral hemisphere or sham mice ( Figure 1B ; Figure II in the online-only Data Supplement). Interestingly, OGD-induced p53 accumulation was reversible, as judged by the decreased protein levels after 24 hours of reoxygenation ( Figure 1A ; Figure I in the online-only Data Supplement) likely suggesting p53 degradation. To test a possible p53 degradation, neurons were incubated with MG132-an inhibitor of the proteasome, and p53 protein abundance was analyzed after OGD. MG132 promoted a rapid (0 hours) accumulation of p53, which further increased at 4 hours after OGD ( Figure 1C ; Figure I in the online-only Data Supplement), indicating that p53 protein stability is subjected to control by the proteasomal degradation pathway. We further investigated whether MDM2 and p53 interacted together. MDM2 was immunoprecipitated from neuronal protein extracts, followed by immunoblotting against MDM2 and p53. Figure 1D shows that p53 coimmunoprecipitated with MDM2-an effect that was potentiated by OGD. This interaction was confirmed by immunocytochemistry ( Figure 1D ). These data indicate that OGD upregulates MDM2 expression, which interacts with p53.
Next, we evaluated the function of this MDM2-p53 interaction on p53 stability after OGD. Neurons were incubated with nutlin-3a-a small molecule that targets the p53-binding pocket of MDM2, thus preventing an interaction between these 2 proteins. 23 Nutlin-3a disrupted MDM2-p53 interaction leading to p53 accumulation (Figure 2A ). Moreover, nutlin-3a potentiated OGD-induced p53 accumulation at 4 hours after OGD (Figure 
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October 2018 2B, left; Figure III in the online-only Data Supplement). To validate this effect, we knocked down MDM2 by siRNA, which led p53 protein stabilization ( Figure IV in the online-only Data Supplement, left). Confirming our previous data ( Figure 1A , right), OGD in control neurons induced a biphasic effect on p53 protein abundance, that is, an increase at 4 hours followed by a decrease after 24 hours of OGD. Interestingly, knock down of MDM2 by siRNA prevented the destabilization of p53 protein that occurred at 24 hours after OGD ( Figure 2B , right; Figure  IV in the online-only Data Supplement). These data indicate that MDM2 interacts with p53 to regulate its protein abundance in neurons under ischemic conditions. We next evaluated the potential impact of MDM2-p53 interaction on neuronal susceptibility to OGD damage. Nutlin-3a treatment and MDM2 knockdown by siRNA enhanced the increase in caspase 3 activity, as revealed by immunoblotting and immunocytochemistry ( Figure 2C ; Figure observed by incubation of p53-null neurons (p53 KO) with nutlin-3a ( Figure 2D, right) . Moreover, p53 KO neurons were resistant to OGD-induced apoptosis ( Figure 2D, right) , confirming the key role played by p53 in the ischemic process. Thus, the disruption of the MDM2-p53 interaction increases neuronal susceptibility to ischemia. In sum, OGD upregulates MDM2 expression, which interacts with p53, thus promoting its degradation. Our results pose MDM2 as a key molecule in neuronal survival after ischemia.
MDM2 SNP309 Regulates MDM2 Levels and Functional Outcome After Stroke
We first analyzed the impact of the MDM2 SNP309 on MDM2 mRNA and protein expression in human monocytes from healthy individuals. Homozygous G/G and heterozygous T/G individuals for SNP309 showed heightened levels of MDM2 mRNA when compared with individuals harboring the T/T genotype ( Figure VI in the online-only Data Supplement), as previously described in tumor cells. 13, 14 Because of its similar effect and the low frequency of the GG genotype (7%-8%), we grouped individuals from G/G and T/G genotypes (G group). Individuals with the T/T genotype were named T group. We found that individuals of the G group had increased levels of both MDM2 mRNA and protein ( Figure VI in the online-only Data Supplement) levels than those of the T group.
Although the MDM2 309SNP did not significantly affect initial stroke severity, as revealed by the National Institutes of Health Stroke Scale (NIHSS) scores on admission ( Figure  VII in the online-only Data Supplement, top), we found that patients with IS harboring the T/T genotype showed higher median mRS scores, at 3 ( Figure 3A , top) and 12 months ( Figure VIII in the online-only Data Supplement, top) after IS, than those with T/G and G/G genotypes. However, no significant differences were found between patients heterozygous and homozygous for the G allele ( Figure 3A ). This effect was maintained when patients were grouped according to the G allele: G (G/G+T/G genotypes) and T (T/T genotype; Figure 3A , bottom). Then, we analyzed the distribution of patients with IS (%) in each of the 6 mRS outcome categories, according to SNP309 genotype. We found a different pattern of mRS distribution of patients depending on the genotype. The majority of patients harboring the G allele had mRS scores ≤2 (good functional outcome). In contrast, we observed the opposite trend in patients with the T/T genotype, who were mainly associated with mRS scores >2 (poor functional outcome; Figure IX in the online-only Data Supplement, left). In fact, 74.5% of patients with poor functional outcome at 3 months after IS harbored the T/T genotype, whereas a smaller proportion (42.5%) showed good outcome ( Table II in the online-only Data Supplement). Finally, infarct volume was 2-fold higher in patients of the T group than in those of the G group ( Figure 3B ). Interestingly, MDM2 mRNA and protein ( Figure VI in the online-only Data Supplement) levels were higher in individuals with the G allele than those with the T/T genotype. The logistic regression analysis revealed that the T/T genotype was an independent marker of poor functional outcome (AOR, 1.92; 95% CI, 1.04-4.09; P=0.008) at 3 months after IS, after adjustment by age, NIHSS score on admission, infarct volume, and early neurological deterioration (Table 1) .
Regarding the ICH cohort, we also found no significant differences between patients harboring the G allele in homozygosity or heterozygosity. However, we found that T/T patients had higher median mRS scores, at both 3 (Figure 3C , top) and 12 months ( Figure VIII in the online-only Data Supplement, middle) after ICH, than T/G and G/G patients, despite NIHSS scores and ICH volume on admission ( Figure  VII in the online-only Data Supplement) were similar in all genotypes, indicating similar initial hemorrhagic damage. The effect was also observed when genotypes were grouped as G and T patients ( Figure 3C, top) . The majority of patients harboring the G allele had mRS scores ≤2, whereas T/T patients were mainly associated with mRS scores >2 ( Figure IX in the online-only Data Supplement, left). In this context, the 86.4% of patients with poor functional outcome at 3 months after ICH had the T/T genotype, whereas only a small percentage (13.8%) showed good prognosis ( Table III in the online-only Data Supplement). Furthermore, a 4-fold higher residual lesion volume was found in T/T patients (T group) when compared with those of the G group, at 3 months after ICH ( Figure 3D ). The reduction in the lesion volume was then lower in patients with the T/T genotype than in patients carrying the G allele ( Figure VIII in the online-only Data Supplement, bottom). The logistic regression analysis revealed that the T/T genotype was an independent marker of poor functional outcome (AOR, 10.01; 95% CI, 3.15-32.23; P<0.0001) at 3 months after ICH, after adjustment for hematoma volume, perihematoma hypodensity volume, and NIHSS on admission (Table 2) . Surprisingly, this analysis ( Table 2) revealed that the ICH lesion volume on admission seems to be associated with a good functional outcome (AOR, 0.96; 95% CI, 0.93-0.99; P<0.040), which is confusing because it is a well-known predictor of poor outcome after stroke. Moreover, as shown in Table III in the online-only Data Supplement, ICH volume on admission was significantly higher in patients with poor functional outcome at 3 months than in those with good outcome. Furthermore, when the variable MDM2 SNP309 is not included in the multivariate analysis, we found that ICH volume on admission is a productive predictor of functional outcome (AOR, 1.06; 95% CI, 1.02-1.09; P<0.0001) after adjustment for age, diabetes mellitus, blood glucose on admission, ventricular extension, perihematoma hypodensity volume, and NIHSS on admission. Then, from a clinical point of view, this suggests that the MDM2 SNP309 might be implicated in mechanisms that mediate the association of ICH volume with the functional outcome of patients with stroke.
Finally, we evaluated possible differences of the predictive potential of the MDM2 promoter genotype according to the different stroke subtypes. We found no statistical differences between stroke subtypes and MDM2 SNP309 distribution, in both the IS (P=0.228) and ICH (P=0.457) cohorts (Table IV in the online-only Data Supplement). All these results demonstrate that the T/T genotype is linked with poor functional outcome after IS or ICH, good prognosis being mainly restricted to patients with stroke with the T/G and G/G genotypes. Thus, our results reveal that the MDM2 SNP309 regulates protein
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October 2018 levels and determines functional outcome after stroke, regardless of whether the origin is ischemic or hemorrhagic.
Discussion
Here, we describe that the E3 ubiquitin ligase MDM2 promotes neuronal survival after an ischemic insult by destabilizing the proapoptotic p53 protein. Thus, the disruption of the MDM2-p53 interaction by pharmacological treatment with nutlin-3a or MDM2 knockdown with siRNA promoted p53 stabilization and enhanced neuronal vulnerability against an ischemic insult. Furthermore, we identify the SNP309 in the MDM2 gene promoter, which regulates MDM2 level expression, as a biomarker of functional outcome of patients with stroke. Thus, the G allele is associated with heightened MDM2 mRNA and protein levels, which reflects good prognosis of the patients. We, therefore, demonstrate the key role of the MDM2-p53 interaction in neuronal survival after ischemia and identify the SNP309 in the MDM2 gene promoter as an independent factor for predicting functional prognosis of patients with stroke. The p53 protein is effectively antagonized by its direct interaction with MDM2, which represses transcription of p53 target genes and promotes p53 degradation via ubiquitination, all leading to p53 inactivation. The MDM2-p53 interaction plays a key function in cancer progression, thus representing an important target for the development of new anticancer therapies. 11 Here, we found that this interaction is also essential for neuronal survival after ischemia. Then, the disruption of the MDM2-p53 triggers the accumulation of p53 and increases the susceptibility of neurons to an ischemic damage. In an earlier study, it was reported that in vivo ischemia induced MDM2 expression in the ischemic brain, 24 thus suggesting a possible neuroprotective role for the ligase. Our results demonstrate that ischemia in vitro induces the upregulation of MDM2 expression, which interacts with p53 to promote its degradation. Thereby, the disruption of the MDM2-p53 interaction with nutlin-3a potentiates p53 accumulation and caspase 3-mediated apoptosis after ischemia. Moreover, knockdown of MDM2 and treatment with the inhibitor of proteasome degradation MG132 mimicked the accumulation and neurotoxicity of p53. Altogether, our results indicate that the MDM2-p53 interaction has a neuroprotective function and actively participates in neuronal susceptibility to ischemia-induced apoptosis.
The functional SNP309 in the MDM2 intronic promoter consists in a T>G nucleotide change, leading to an increased affinity of the transcriptional activator Sp1, which results in a constitutive enhanced MDM2 transcription. 13, 25 Moreover, the MDM2 SNP309 G allele has been associated with increased cancer risk in several human tumors that express wild-type p53, 14, 26 probably as a consequence of altered homeostasis of the MDM2-p53 pathway resulting in decreased basal steady-state levels of p53. 25 We now describe that the MDM2 SNP309 G allele is associated with good functional outcome after IS. Thus, patients harboring the G allele possess higher MDM2 protein levels, which would increase p53 protein degradation, resulting in decreased neuronal apoptosis 5 and, therefore, good prognosis after an ischemic damage. In contrast, lower levels of MDM2 in patients with the T/T genotype result in poor prognosis after stroke. Given that ischemia in vitro induced MDM2 expression in neurons, these data suggest that G allele exerts protection. Interestingly, Sp1 expression has been described to be induced in neurons after ischemia. 27, 28 Given that patients carrying the SNP309 G allele show higher affinity to Sp1 than patients with the T/T genotype, 13 our data suggest that the increased Sp1 expression would be responsible for the increase in MDM2 levels.
The association of the MDM2 SNP309 G allele with good functional outcome was also observed in patients experiencing ICH. Although several injury mechanisms are involved, 29 secondary ischemic lesions, within both the perihematoma region and remote from the hematoma, have been found in patients with ICH 30 that may contribute to cytotoxicity after ICH. 31, 32 These ischemic lesions might promote MDM2 expression, particularly in patients carrying the SNP309 G allele, which shows good functional outcome after ICH. However, such a relationship would need to be confirmed in future studies.
Although the logistic regression models are adjusted by the NIHSS at admission, and the prognostic value of the MDM2 SNP309 is independent on the severity of initial neurological affectation in patients with both IS and ICH, as well as the ICH volume on admission, interestingly there is a tendency of the T/T genotype toward a greater stroke severity at the beginning of the process compared with T/G and G/G genotypes. This effect may also contribute to the poor functional outcome of patients with stroke with the T/T genotype.
In conclusion, here, we describe that the MDM2 SNP309 determines functional outcome after stroke, probably as a consequence of the modulation of the MDM2-p53 interaction. Therefore, the MDM2 SNP309 G allele increases MDM2 protein expression, leading to enhanced MDM2-mediated p53 degradation, which reduces p53-induced apoptotic responses to ischemia, resulting in good functional outcome after stroke. AOR indicates adjusted odds ratio; ASPECTS, Alberta Stroke Program Early CT Score; hs-CRP, high-sensitivity C-reactive protein; IS, ischemic stroke; NIHSS, National Institutes of Health Stroke Scale; and SBP, systolic blood pressure. 
